Chronic lymphocytic leukemia (CLL) can be divided into groups based on biomarkers of poor prognosis. The expression of the tyrosine kinase ZAP-70 (member of the Syk tyrosine kinase family) in CLL cells is associated with shorter overall survival in CLL patients. Currently, there is a lack of targeted therapies for patients with ZAP-70 expression in CLL cells. The tyrosine kinase inhibitor gefitinib has been shown to be effective at induce apoptosis in acute myeloid leukemia through inhibition of Syk. In this study, we sought to test the efficacy of gefitinib in primary human ZAP-70+ CLL cells. We demonstrate that gefitinib preferentially induces cell death in ZAP-70-expressing CLL cells with a median IC 50 of 4.5 μM. In addition, gefitinib decreases the viability of ZAP-70+ Jurkat T leukemia cells but fails to affect T cells from CLL patients. Western blot analysis shows gefitinib reduces both basal and B-cell receptor (BCR)-stimulated phosphorylation of Syk/ZAP-70, ERK, and Akt in ZAP-70+ CLL cells. Moreover, gefitinib inhibits the pro-survival response from BCR stimulation and decreases pro-survival proteins such as Mcl-1. Finally, ZAP-70 expression sensitizes Raji cells to gefitinib treatment. These results demonstrate that gefitinib specifically targets ZAP-70+ CLL cells and inhibits the BCR cell survival pathway leading to apoptosis. This represents the likelihood of tyrosine kinase inhibitors being effective targeted treatments for ZAP-70+ CLL cells.
1
Biomarkers can help stratify these patients into indolent and aggressive disease categories. The aggressiveness of CLL is dependent on whether the leukemia cells have (60% of CLL population) or lack (40% of CLL population) mutations of the immunoglobulin variable region of the heavy chain (IgV H ). Thus, patients with early-stage disease have a median survival of 8 years if they have unmutated IgV H (Un-IgV H ) and 24 years if they have mutated IgV H (Mu-IgV H ) disease.
2 A surrogate marker for IgV H mutational status is the expression of zeta-chain-associated protein 70 (ZAP-70); IgV H mutated CLL cells are frequently ZAP-70 negative, whereas IgV H unmutated cells are more typically ZAP-70 positive. 3 ZAP-70 staining in CLL is not an all-or-nothing phenomenon, and to maximize the correlation with IgV H mutational status, a ZAP-70-positive case is defined as ≥ 20% of the CLL cells staining for ZAP-70. Like IgV H status, overexpression of ZAP-70 in CLL cells is associated with aggressive disease; time to treatment is 2.6 years for ZAP-70+ patients compared with 8 years for ZAP-70 − patients independent of Rai stage. 3 Thus, ZAP-70 is a rationale target for therapy in CLL.
Although the clinical relevance of ZAP-70 in CLL is well known, its molecular function is less understood. ZAP-70 is a member of the Syk family of protein tyrosine kinases and is normally involved in signal transduction of the T-cell receptor in T cells. ZAP-70 overexpression in malignant B cells, such as CLL cells, enhances the B-cell receptor (BCR) pathway. This pathway is a key mechanism for cell survival in CLL. 4, 5 Upon activation of the BCR, tyrosine kinase Lyn phosphorylates and activates Syk, leading to activation of downstream signaling pathways and upregulation of anti-apoptotic proteins, such as Mcl-1. CLL cells with both Un-IgV H and high ZAP-70 expression show increased activation of proteins downstream of the BCR such as Akt, mitogen-activated protein kinase (MAPK), and NF-κB. 4, 6, 7 This suggests that alterations in the BCR signaling pathway through increased expression of the tyrosine kinase ZAP-70 are important in CLL disease progression.
Gefitinib is a tyrosine kinase inhibitor known for targeting the epidermal growth factor receptor (EGFR) and is used in the treatment of non-small-cell lung cancer and other cancers of epithelial origin. 8 The drug is well tolerated, with rash and diarrhea being the only dose-limiting toxicities. Importantly to leukemias, it is not myelosuppressive. 9 Apart from its effects on EGFR activity, gefitinib has shown activity against 420 other kinase targets, including Lyn and Syk. 10, 11 Gefitinib has been shown activity in acute myeloid leukemia (AML), myelodysplastic syndrome (MDS), and acute lymphocytic leukemia (ALL), inducing both differentiation and cell death in vitro.
12 These effects are associated with inhibition of Syk phosphorylation. Thus, although gefitinib is used to treat lung cancer by inhibiting EGFR, it has potential utility in the treatment of CLL patients with high expression of Syk family members that include ZAP-70.
In this study we show that gefitinib selectively induces apoptosis in ZAP-70-expressing CLL cells, both when unstimulated and BCR activated. These effects are associated in both cases with a reduction in overall tyrosine phosphorylation and specific decreases in Lyn/Lck, Syk/ ZAP-70, ERK1/2, and Akt phosphorylation. These changes produce a decreased expression of Mcl-1 and blocked antiapoptotic signaling. Forced overexpression of ZAP-70 by lentiviral infection in the Raji B-cell line increases the sensitivity of the cells to gefitinib-induced apoptosis. However, normal T cells from CLL patients, which also express ZAP-70, are not affected by gefitinib. These results suggest that tyrosine kinase inhibitors such as gefitinib are a viable treatment option for ZAP-70+ CLL patients.
Results
Gefitinib targets ZAP-70+ CLL cells and leukemia cell lines. Given the efficacy of gefitinib in targeting Syk in AML, 11, 12 we investigated its efficacy in CLL cells expressing ZAP-70. CLL samples were defined as being ZAP-70+ if the number of positive cells was ≥ 20%. The concentration of drug required to reduce cell viability by 50% (IC 50 ) for gefitinib in ZAP-70+ and ZAP-70 − CLL cells was assessed using the MTT (3,3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assay. The median gefitinb IC 50 for ZAP-70+ CLL cells was 4.5 μM and 415 μM for ZAP-70 − cells that was statistically significant (Table 1 and Figure 1a) . Overall, 77% of ZAP-70+ patient cells and 30% of ZAP-70 − patients responded to gefitinib treatment as defined by the median IC 50 concentration. In addition, there did not appear to be cross-resistance to fludarabine in the ZAP-70+ samples, and most fludarabine-resistant cases were sensitive to gefitinib (Supplementary Table 1) .
Interestingly, another EGFR tyrosine kinase inhibitor, erlotinib, had no activity against the ZAP-70+ CLL cells. There was also no significant difference between the median IC 50 of fludarabine in ZAP-70+ and ZAP-70 − CLL cells (5.4 μM compared with 7.0 μM). There was also no significant difference in the median IC 50 values of gefitinib when all cases were stratified by IgV H (7.0 μM for Un-IgV H compared with 8.3 μM or Mu-IgV H ) or if ZAP-70+ cases were stratified by mutational status (4.0 μM for ZAP-70+/Mu-IgV H compared with 6.0 μM for ZAP-70+/Un-IgV H ).
To confirm the MTT results, primary CLL cells were treated in vitro with gefitinib and cell death was analyzed by flow cytometry after 24 h. Although the median IC 50 was 4.5 μM by MTT assay 72 h post treatment, a higher dose of 10 μM was chosen for cell death experiments because of the shorter time frame of 24 h to detect cell death. Gefitinib treatment increased apoptosis in ZAP-70+ primary CLL cells as detected by an increase in annexin V-stained cells. After 24 h, the number of annexin V-positive CLL cells ranged from 25 to 85% (Figure 1b) . After 72 h, cell death was seen at doses as low as 1 μM and increased in a dose-dependent manner ( Figure 1c ). Cell death was accompanied by increased cleavage of poly (ADP-ribose) polymerase (PARP) and caspase 3 and decreased Mcl-1 expression (Figure 1d and Supplementary Figure 1) .
To test whether gefitinib could be give a synergistic apoptotic response with standard chemotherapeutic agents used to treat CLL, gefitinib was added alone or in combination with fludarabine. The combined effect of the two drugs failed to give a synergistic apoptotic response (Supplementary Figure 2a) .
Based on standard definitions, ZAP-70+ CLL samples were defined as having ≥ 20% of their leukemia cells expressing ZAP-70, 3 To support the role that ZAP-70 expression plays in gefitinibinduced apoptosis, we examined four leukemia/lymphoma cell lines for their sensitivity to gefitinib treatment. The B cellderived NALM6, BJAB, and I-83 cell lines do not express ZAP-70, whereas the T cell-derived Jurkat cell line does In primary CLL cells, we found gefitinib treatment reduced total cellular tyrosine phosphorylation, both from the basal level and from the BCR-stimulated level, in ZAP-70+ CLL cells over a range of gefitinib concentrations and incubation times (Figures 4a-c) . However, this was not observed in ZAP-70 − CLL cells. The decrease in overall cellular tyrosine phosphorylation was evident after 1 h, and decreased further after 24 h (Figures 4a-c) . Tyrosine phosphorylation did not decrease in ZAP-70 − CLL cells treated with increasing doses of gefitinib (Supplementary Figure 6a) . However, even at doses as low as 1 μM, gefitinib decreased tyrosine phosphorylation in ZAP-70+ CLL cells (Supplementary Figure 6c) . As a control, erlotinib failed to decrease tyrosine phosphorylation in primary CLL cells (data not shown). Unlike cell lines, there were specific decreases in both Syk/ZAP-70 and Lyn/Lck phosphorylation in ZAP-70+ CLL cells after 1 h of gefitinib treatment (Figure 4d) . Quantification of these decreases showed that Syk/ZAP-70 phosphorylation appeared to decrease slightly more than Lyn/Lck phosphorylation after gefitinib treatment (Figure 4e) .
Because of the fact that phospho-antibodies recognized both Syk and ZAP-70 phosphorylation, we performed immunoprecipitation using specific Syk and ZAP-70 antibodies and western blotting for phospho-tyrosine after BCR stimulation. Each approach showed that both Syk and ZAP-70 phosphorylation decreased following gefitinib treatment (Figure 4f and Supplementary Figure 6d) . Immunoprecipitation was also performed with phospho-tyrosine antibodies and then blotted first for ZAP-70 and then for Syk (data not shown).
The activity of gefitinib was compared with ibrutinib and dasatinib, the two tyrosine kinase inhibitors under clinical investigation in CLL. The downstream effect of gefitinib was the same as these other two drugs and all three prevented phosphorylation of Akt and ERK after BCR stimulation (Figures 4g and h) . Even when the primary CLL cells had high basal Akt phosphorylation, which did not increase with BCR stimulation, there was still an inhibition of phosphorylation with the tyrosine kinase inhibitors (data not shown). This inhibition was not observed with fludarabine that was used as a negative control. BCR stimulation alone served as a positive control. As signaling through the BCR promotes cell survival, we determined whether inhibition of this signaling pathway by gefitinib decreased survival. Primary CLL cells were treated with 10 μM gefitinib, BCR activated for 30 min by immobilized anti-IgM, and cell death quantitated by annexin-V staining after 24 h. We found that anti-IgM protected CLL cells from spontaneous apoptosis but failed to protect CLL cells from gefitinib treatment (Figure 4i ).
Forced overexpression of ZAP-70 increases sensitivity to gefitinib. To determine whether ZAP-70 plays a role in the susceptibility of a patient to gefitinib, we tested the response of the ZAP-70-negative lymphoma-derived B-cell line Raji transduced with GFP-expressing vector or ZAP-70-expressing vector. Expression of ZAP-70 was confirmed by western blot (Figure 5a ) and flow cytometry and expression of GFP was confirmed by flow cytometry (Supplementary Figure 7) . We found that gefitinib treatment lowered Syk/ZAP-70 phosphorylation but not Lyn phosphorylation in ZAP-70-expressing Raji cells (Figure 5b which is congruent with previously published literature. 13 Upon BCR activation, Syk/ZAP-70 binds to the tyrosine phosphorylated co-receptor CD79a. We found that there was no difference in Syk or ZAP-70 binding to CD79a after gefitinib treatment (Figure 5c ). This suggests that CD79a is still tyrosine phosphorylated after gefitinib treatment.
We next investigated the sensitivity of gefitinib in ZAP-70-overexpressing Raji cells. Raji cells overexpressing ZAP-70 had increased sensitivity to gefitinib compared with cells with vector alone as measured by greater degradation of Mcl-1 (Figure 5d ), greater DNA fragmentation as measured by sub-G1 peak analysis (Figure 5e ), and greater annexin V and 7-amino-actinomycin D (7AAD) staining (Figure 5f ). These results were confirmed with different cell passages, and different cell death staining techniques (PI staining and annexin V staining). We further knocked down ZAP-70 in Raji cells and showed reduced Erk phosphorylation and Mcl-1 expression, indicating changes in downstream targets of gefitinib were due to ZAP-70 overexpression (Supplementary Figure 8) . In addition, gefitinib treatment was compared with dasatinib and ibrutinib. Gefitinib had the greatest effect of all the drugs on Raji cells overexpressing ZAP-70, as compared with Raji cells with vector alone (Figure 5f ). Dasatinib had little effect on Raji cells, whether they overexpressed ZAP-70 or not, only increasing cell death by 3-10%. Ibrutinib had a greater effect on ZAP-70-overexpressing Raji cells, as compared with the non-ZAP-70-expressing cells, but there was less cell death than seen with gefitinib using this same drug dosage (20 μM) . This increased sensitivity of the ZAP-70-expressing Raji cells was not seen with fludarabine treatment, and this was used as a negative control (Figure 5f ). Unfortunately, the complementary experiments to treat Jurkat cells with ZAP-70 knockdown were not feasible because knockdown of ZAP-70 led to increased cell death compared with control siRNA (Supplementary Figure 9) .
Discussion
In this study the tyrosine kinase inhibitor gefitinib, originally used to inhibit EGFR kinase activation in lung cancer, is also cytotoxic to primary CLL cells that overexpress ZAP-70. When these cells undergo BCR activation, gefitinib can inhibit phosphorylation of Lyn/Lck, Syk/ZAP-70, ERK1/2, and Akt within 1 h. These results are similar to those seen with 5-10 μM gefitinib in AML and MDS cells, 11 where gefitinib functions through an EGFR-independent mechanism targeting Syk activation. Using the MTT assay, which we and others have shown to be predictive of clinical response to fludarabine and chlorambucil, 14 the median IC 50 of gefitinib was 4.5 μM in ZAP-70+ CLL cells but 415 μM in ZAP-70 − cells.
There has been considerable interest in the evaluation of tyrosine kinase inhibitors for the treatment of CLL. Dasatinib is normally used to treat chronic myeloid leukemia and is a tyrosine kinase that inhibits the Src family member Abl. 15 However, it is also cytotoxic to CLL cells, including ZAP-70+ cells, and it has been suggested that dasatinib is targeting tyrosine kinase Lyn. 15 In addition, Syk has been targeted in CLL with the tyrosine kinase inhibitor, R406 (fostamatinib). The effect of R406 was greatest in cells with high levels of Syk that were Un-IgV H and expressed ZAP-70. 16 However, R406 had no effect on the phosphorylation of other tyrosine kinases, such as ZAP-70. 16 Recent evidence has indicated that these findings are clinically relevant as the pro-drug for R406, fostamatinib disodium (FosD), is clinically active in CLL patients. 17 Two novel Syk inhibitors, PRT318 and P505-15, have recently been shown to suppress CLL activation and migration in vitro. 18 Besides these tyrosine kinase inhibitors, the Bruton's tyrosine kinase inhibitor, ibrutinib, has shown potent activity in CLL, both in vitro and in vivo, 19, 20 and the multikinase inhibitor, sorafenib, has also been shown to induce apoptosis in CLL cells in vitro.
6 These inhibitors were active against both ZAP-70-and ZAP-70+ CLL cells, whereas gefitinib was the only tyrosine kinase inhibitor shown to selectively sensitize ZAP-70+ CLL cells to undergo apoptosis. The long-term toxicity and efficacy of these tyrosine kinase inhibitors in CLL is unknown and it will be years before they become FDA approved for use in this disease. In contrast, gefitinib is already approved by the FDA for the treatment of lung cancer and has been used for many years in the clinic. It has the potential advantage in CLL in being specifically cytotoxic to ZAP-70+ CLL cells, and not being myelo-or immuno-suppressive.
Gefitinib has recently been shown to accumulate in solid tumors. Haura et al. 21 found 22 μM in lung tumor, and McKillop et al. 22 found 16.7 μM in breast tumor. These doses were 40 and 42 times higher than the concentration observed in the plasma, respectively. We predict that this accumulation of gefitinib at the cancer site would also occur in leukemia patients. Therefore, low plasma concentrations from patients with solid tumors may not be appropriate values to consider when testing doses of gefitinib on leukemic cells that reside in the blood and lymphoid tissues. In addition, in vitro experiments cannot recapitulate the dosing scheme that would be used in vivo. Gefitinib cytotoxic concentrations in ZAP-70+ CLL cells were similar to its concentrations that induce apoptosis in AML cells. In the future, we will focus on in vivo models testing gefitinib in various drug combinations for effectiveness.
The blood and lymphatic systems consist of distinct microenvironments that include blood, bone marrow, spleen, and lymph nodes. As cells traffic through these microenvironments, dynamic cell-cell interactions occur between mobile cells and tissue-resident cells. ZAP-70+ CLL cells tend to localize to the nodes and this is associated with more aggressive disease. 3 One of the most important signals from the microenvironment for cell survival is BCR activation. 5, 23, 24 Upon activation of the BCR, the tyrosine kinase Lyn phosphorylates and activates Syk, leading to activation of downstream signaling pathways such as Akt, MAPK, and NF-κB, upregulation of anti-apoptotic proteins such as Mcl-1, and inactivation of pro-apoptotic protein BIM. These changes lead to increased cell survival. 24 ,25 CLL cells with both Un-IgV H and high ZAP-70 expression show increased BCR signaling. 24, 25 This suggests that alterations in the BCR signaling pathway are important in CLL disease progression. In the present study, we showed that gefitinib blocked both ERK and Akt activation leading to a decrease in Mcl-1 expression and apoptosis. This mechanism of cell death may be common among the tyrosine kinase inhibitors. 26 The evidence that ZAP-70 expression sensitizes cells to gefitinib and that gefitinib targets the BCR pathway both indicate that this drug may have activity in the microenvironment. In particular, gefitinib may have an effect in the lymph node microenvironments where BCR signaling occurs 27 and ZAP-70 expression is upregulated. 28 It is important to note that the complexity of feedback loops and interactions of ZAP-70 in CLL cells are not clearly understood, making it difficult to definitively determine the precise action of gefitinib. This will be the focus of future investigations.
Despite inefficient tyrosine kinase activity in CLL, 29 ZAP-70 still plays an important role in the overactivation of the BCR pathway. Although the kinase domain is not required for enhanced signaling, inhibition of its kinase activity may cause steric hindrance or prevent conformational changes of signaling complexes preventing downstream signaling events.
Overall, gefitinib selectively targets CLL cells expressing ZAP-70. This indicates that tyrosine kinase inhibitors could be used to selectively treat patients with high ZAP-70-expressing CLL cells. As gefitinib is already in clinical use in lung cancer patients, and lacks suppression of the bone marrow or immune system, further studies are warranted to investigate the clinical activity of gefitinib in ZAP-70+ CLL patients.
Materials and Methods
Cell isolation and culture. Peripheral blood samples were collected from patients following informed consent in accordance with the Research Ethics Board at the University of Manitoba. Samples were mixed with RosetteSep (Stemcell Technologies, Vancouver, BC, Canada) if the lymphocyte count was o40 × 10 9 /l and then purified on a Ficoll-Paque gradient (GE Healthcare, Cleveland, OH, USA). Red blood cells (RBCs) were lysed with a RBC lysis buffer (eBioscience, San Diego, CA, USA). All blood samples were processed within 24 h after collection and used
